The incorporation of the bicyclic cytosine analogue 7,8-dihydropyrido[2,3-d]pyrimidin-2-one (X) into DNA duplexes results in a significant enhancement of their stability (3-4 K per modification). To establish the effects of X on the local hydrogen-bonding and base stacking interactions and the overall DNA conformation, and to obtain insights into the correlation between the structure and stability of X-containing DNA duplexes, the crystal structures of [d(CGCGAATT-X-GCG)] 2 and [d(CGCGAAT-X-CGCG)] 2 have been determined at 1.9-2.9 Å resolutions. In all of the structures, the analogue X base pairs with the purine bases on the opposite strands through Watson-Crick and/or wobble type hydrogen bonds. The additional ring of the X base is stacked on the thymine bases at the 5 0 -side and overall exhibits greatly enhanced stacking interactions suggesting that this is a major contribution to duplex stabilization.
INTRODUCTION
Chemically modified nucleic acids are being evaluated for use in many applications in biotechnology such as probes or primers (1) , in DNA microarrays (2) (3) (4) (5) and as therapeutic agents (6) (7) (8) (9) (10) . One important consideration to be made in analysing the potential use of modified nucleic acids is whether they are able to increase the duplex stability when they hybridize to the defined target sequences on DNA or RNA. For this purpose, we have been exploring effective modifications (11) and found that incorporation of the bicyclic cytosine analogue 7,8-dihydropyrido [2,3-d] pyrimidin-2-one (X, Figure 1a) , in which the N4 and C5 atoms are linked via a cis-propenyl unit, results in an increase in the melting temperature (T m ) of DNA duplexes of 3-4 K per modification compared to the unmodified duplexes (12) . A DNA duplex containing an X:A mismatch also showed a 3 K increase in T m relative to the unmodified mismatched duplex, but the stability of this duplex was significantly less than that containing a T:A base pair. These results suggest that X stabilizes DNA duplexes by forming base pairs with either guanine or adenine, but that the analogue shows a notable preference for pairing with guanine.
In order to examine the interaction of the modified base X, shown in both tautomeric forms in Figure 1a , we performed X-ray analyses on DNA duplexes containing this analogue. We chose to introduce X into the selfcomplementary Dickerson-Drew dodecamer sequence, as shown in Figure 1b , since this sequence is easily crystallized. The X base is paired with guanine or adenine at two sites in the GX9 and AX8 duplexes, respectively. Two different GX9 crystals and one AX8 crystal were obtained under different conditions. Their crystal structures have been determined at resolutions ranging from 1.9 to 2.9Å . In this article, we describe the structures of the base pairs formed between X and G and between X and A. The stacking interactions of X with bases above and below it will be discussed to explain the stabilization of duplexes upon introduction of this bicyclic cytosine analogue.
MATERIALS AND METHODS

Oligodeoxyribonucleotide synthesis
The phosphoramidite of base analogue X was prepared as described (12) and oligodeoxyribonucleotides (ODNs) GX9 and AX8 ( Figure 1b) were synthesized on an Applied Biosystems 394 using base-labile phosphoramidites and solid support (Tac-dA, Tac-dG, Tac-dC and dT from ProOligo), as described earlier (12) . The products were deprotected with concentrated aqueous ammonia solution at room temperature overnight, and purified by reversed phase HPLC (ODS C18, 300 Â 4.6 mm 2 ; Altech) using a flow rate of 1 ml/min with a 5-50% CH 3 CN gradient in 0.1 M triethylammonium acetate (pH 7.0) over 30 min. The purified samples were then de-tritylated at room temperature for 1 h using 20% AcOH, and re-purified by reversed phase HPLC as above. The oligonucleotides were characterized using matrixassisted laser desorption/ionization time-of-flight mass spectrometry.
Crystallization and data collection
Prior to crystallization, the oligonucleotides were electrophoresed on 20% poly-acrylamide gels containing 8M urea, eluted from excised gel slices, and then purified by ion exchange column chromatography (Toyopearl SP-650C). Initial screenings of crystallization conditions were performed using the hanging drop vapor diffusion method, equilibrating 2 ml droplets against 1 ml of the reservoir solution. The optimized conditions for growing the two different crystals of GX9 (GX9 2 and GX9 3 ) and the AX8 crystal were as follows. For GX9 2 , a droplet of 20 mM sodium cacodylate buffer solution (pH 7.0) containing 0.4 mM DNA, 50 mM sodium chloride, 6 mM spermine tetrahydrochloride and 5% (v/v) 2-methyl-2,4-pentanediol (MPD) was equilibrated against 35% (v/v) MPD at 277 K. For GX9 3 , a droplet of 20 mM sodium cacodylate buffer solution (pH 7.0) containing 0.6 mM DNA, 40 mM potassium chloride, 6 mM spermine tetrahydrochloride, 0.2% Figure S1a ) and 5% (v/v) MPD was equilibrated against 30% (v/v) MPD at 277 K. For AX8, a droplet of 20 mM sodium cacodylate buffer solution (pH 7.0) containing 0.6 mM DNA, 6 mM sodium chloride, 40 mM potassium chloride, 6 mM spermine tetrahydrochloride, 0.2%
0 -bi-1H-benzimidazole (Hoechst 33258, Supplementary Figure S1b ) and 5% (v/v) MPD was equilibrated against 45% (v/v) MPD at 277 K.
Crystals suitable for X-ray data collections were picked up from their droplets with a nylon loop (Hampton Research) and transferred into liquid nitrogen (100 K). X-Ray experiments for the GX9 2 , GX9 3 and AX8 crystals were performed with synchrotron radiation at BL17a, AR-NW12a and BL6a, respectively, of the Photon Factory in Tsukuba (l = 1.00Å ). Diffraction patterns with 1˚oscillation (a total 180 frames for GX9 3 , and 360 frames for GX9 2 and for AX8) were collected. A second data set was taken for each crystal by changing exposure time to compensate overloaded reflections. The diffraction patterns of the three crystals were processed subsequently using the program 'HKL2000' (13) . The crystal data and the statistics of data collection are summarized in Table 1 .
Structure determination and refinement
Initial phases were derived by molecular replacement with the program 'AMoRe' (14) using the atomic coordinates of the corresponding unmodified DNA duplexes [PDB ID 1EHV for GX9 2 , (15); PDB ID 355D for GX9 3 and AX8, (16) ] as structural probes. The molecular structures were constructed and modified on a graphic workstation with the program 'QUANTA' (Accelrys Inc.). The atomic parameters were refined with the program 'CNS' (17) through a combination of rigid-body, crystallographic conjugate gradient minimization refinement and B-factor refinements, followed by interpretation of an omit map at every nucleotide residue. Newly defined patches for the modified residue were used. The statistics of structure refinements are summarized in Table 1 . All global and local helical parameters, as well as the torsion angles and pseudorotation phase angles of sugar rings, were calculated using the program '3DNA' (18). When the two strands are crystallographically identical, the residue numbers 13-24 are replaced by 1-12 with a symbolic mark, e.g. X21 = X9* and G16 = G4*.
Coordinates
Coordinates and structure factors have been deposited in the Protein Data Bank with accession codes 3N4N, 3GJH and 3N4O for GX9 2 , GX9 3 and AX8, respectively.
RESULTS AND DISCUSSION
Quality of X-ray analyses
The trigonal GX9 2 crystal diffracted well up to $2Å . All the residues were traced on the electron density map, except for the first residue of C1 (see Figure 1 for the residue numbering). The electron density corresponding to C1 was protruded and broadened in the solvent region, suggesting that the C1 residue is flipped out from the stacked column of duplexes and is disordered in its conformation. Therefore, it was positioned temporally along with the density shape for further structural refinements. The AX8 crystal was obtained after many trials under conditions similar to those for GX9 2 , but it was too small for X-ray diffraction experiments. Co-crystallization with several dyes was then attempted with the hope of stabilizing duplex formation. This approach proved successful, and large crystals of AX8 and a second crystal of GX9 ( GX9 3 ) were grown. The new crystals were in the orthorhombic form, possibly due to the addition of the duplex-stabilizing dyes. The DAPI and Hoechst 33258 dyes were bound in the central region of the minor grooves of GX9 3 and AX8, respectively (see the details in Supplementary Figure S1 ).
The X:A base pairs in the AX8 duplex could either be Watson-Crick or wobble type base pairs (Figure 2 ). At the present resolution, it was difficult to distinguish between these two possible configurations by looking at the initial |F o | À |F c | map, in which A5, X8, A17 and X20 residues were omitted. In order to resolve this issue, a disorder model, wherein the Watson-Crick and wobble types were assigned half occupancies, was subjected to leastsquares refinement. The resulting |F o | À |F c | map, calculated by omitting the base moieties of the four relevant residues, suggested that the refined WatsonCrick types fit better onto the omit map than the refined wobble types which protruded partly from the electron density cages, as shown in Figure 3 . The final |F o | À |F c | maps of GX9s, in which the X bases were omitted, are also depicted in Figure 3 .
Overall structures
The unmodified DNA duplex d(CGCGAATTCGCG) 2 , well known as the Dickerson-Drew duplex, was originally crystallized in the orthorhombic space group P2 1 2 1 2 1 with the asymmetric unit containing two DNA strands of the duplex (GC9-P2 1 2 1 2 1 ) (19) . More recent studies, however, showed that the Dickerson-Drew dodecamer could also , and 360 frames of GX9 2 and those of AX8. In the same ways, the second data sets were taken for each crystal with a short exposure time to compensate overloaded reflections. (15)]. In the present study, GX9 has been crystallized in the P3 2 12 (GX9 2 ) and P2 1 2 1 2 1 (GX9 3 ) space groups. The AX8 crystal also belongs to the P2 1 2 1 2 1 space group and its unit-cell parameters are similar to those of the unmodified GC9-P2 1 2 1 2 1 and the GX9 3 crystals, suggesting that they are isomorphous to each other. In the trigonal GX9 2 crystal, the two strands of the duplex are related by a crystallographic 2-fold symmetry, the axis of which passes between the two central base pairs, A6:T7* and A6*:T7 (the asterisks indicate residues in the symmetry-related strand.). On the other hand, in the orthorhombic GX9 3 crystal, the asymmetric unit consists of a duplex, the two strands of which are not related by a crystallographic 2-fold symmetry.
The average local helical parameters for the modified and unmodified duplexes, as well as for the high-resolution A-and B-form DNA duplexes (22) , are listed in Table 2 . These parameters show that all the GX9 and the AX8 duplexes adopt the B-form conformation. Superimpositions of the present structures onto the unmodified duplex structures are shown in Figure 4 . Excluding the terminal residues at both ends of the duplexes, superimpositions of GX9 2 onto GC9-P3 2 12 yielded RMSD values of 0.5Å . Likewise, superimpositions of GX9 3 and AX8, with the exception of the disordered X bases and their partners, onto GC9-P2 1 2 1 2 1 resulted in RMSD values of 0.7 and 0.8Å , respectively. Closer inspection of the superimposed structures also shows no drastic differences between GX9 2 and the unmodified GC9-P3 2 12 duplex. However, the differences between GX9 3 or AX8 and GC9-P2 1 2 1 2 1 are relatively more pronounced around the A6 and T7 residues. Plots of the minor groove widths (Supplementary Figure S2) indicate that GX9 3 and AX8 are wider at the center compared with those of the other DNA duplexes. These changes in the DNA conformation in GX9 3 and AX8 are again presumably due to the binding of the DAPI and Hoechst 33258 dyes rather than the X substitutions. 
Effects of X substitutions on base stacking and hydrophobicity
The overall stability of nucleic acids is considered a sum of contributions of (i) ionic interactions, (ii) hydrophilic interactions or hydrogen bonds, and (iii) hydrophobic effects or van der Waals interactions. The phosphate backbone is highly ionic and the deoxyribose units are hydrophobic except for their oxygen atoms. The bases have two properties different between two directions: in-plane and out-of-plane. The edge atoms including the carbon atoms are hydrophilic and have strong directionality for interactions. They prefer to form hydrogen bonds in the directions of their valence orbitals including lone-pair electrons (23) . In contrast, the other property is hydrophobic for van der Waals interactions in both directions above or below the base plane (24) . In general, purines stack more strongly than pyrimidines possibly due to their larger surface area and greater polarizability (25) . In hydrophilic environments such as physiological conditions, the hydrophobic parts are excluded from water and brought into close proximity to reduce their exposed surface. In DNA duplexes, the helical nature of the base pairs results in a part of the base surface being exposed at each step. Decreasing as much as possible the exposure of the bases results in the stabilization of the duplex structure. Figure 5 shows the overlap areas between the additional rings in the X bases and the bases of the subsequent residues in both GX9 3 and AX8. In order to examine the stacking effects, we estimated the differences in water-accessible surface areas with and without the additional ring of X, using the program 'Naccess' (26) . The values (summarized in Table 3 ) indicate that the overlap areas of most base pair steps containing X substitutions are significantly larger compared to those in unmodified duplexes. Furthermore, the values show that the area changes largely depending on whether the subsequent residue is positioned on the 5 0 -side or on the 3 0 -side of the X residue. The overlap area is maximized when a pyrimidine residue occupies the 5 0 -side of X. The change in the overlap area is more remarkable in the case of the standard B-form DNA structure, because the value is easily affected by the surrounding interactions in crystalline states.
In addition, the second ring in X could block approaching water molecules. This hydrophobic effect of X, although possibly weak, could contribute to stabilization of the duplex form. A similar example is that of a thymine base stabilizing the duplex form more strongly than uracil (27, 28) because the methyl group on the C 5 position of uracil impedes water molecules from approaching the base pair. The omit map of the AX8 duplex suggests a preference of the X:A pairs for the Watson-Crick type over the wobble type conformation. Furthermore, in the wobble type, the N 1 atom of the adenine moiety has to be protonated for such a pairing, but it would be difficult for that to occur at neutral pH. In the case of the Watson-Crick type, the modified cytosine base has to adopt the 'imino' tautomer to form the pair with adenine, in which the donor and acceptor sites for hydrogen bonding mimic those of thymine base, as shown in Figure 2c . The T m values of DNA duplexes containing X show that at neutral pH the A:X pair is more stable than the A:C mismatch pair, while the A:X pair is less stable than the A:T pair (12) . This might be ascribed to the low basicity of the X imino base. Observation of pyrimidine bases in their minor tautomeric forms within crystal structures is extremely rare and restricted to analogues in which electronegative substituents are attached to the N 4 amino group of cytosine. Previously we have found that the cytosine analogue, N 4 -methoxycytosine, adopts the 'imino' form against an adenine base in a B-form DNA duplex structure (29) . 2 is omitted because they closely resemble those in GX9 3 . The figures were generated with the program '3DNA' (18). Table 3 . The stacked/covered area (Å 2 ) increased by substitution of C with bicyclic C The left-most column indicates the local sequence from 5 0 to 3 0 . Values of S and S 0 are accessible surface areas (Å 2 ) of the two stacked bases with X = bicyclic C and X = C (in parentheses). Their difference ÁS (ÁS = SÀS 0 ) is defined as the increase in the stacked area of X. <ÁS> is an average of the values of ÁS. The S 0 values were calculated for the corresponding bases extracted from the unmodified GC9-P3 2 12 [PDB-ID 1EHV, (19) ] and GC9-P2 1 2 1 2 1 [PDB-ID 1FQ2, (15) ] structures. The standard B-form DNA structure was constructed by QUANTA (Accelrys Inc.) and refined by CNS (17) . In calculations of S and S 0 , the program Naccess (26) was used. The values of S were calculated as the difference between the two states (stacked and separated).
The crystal structures of duplexes containing the P base, a bicyclic analogue of N 4 -methoxycytosine, also reveal that P appears to pair with adenine using its 'imino' tautomer via a protonated wobble pair (30) . However, 1 H NMR reveals a Watson-Crick base pair for P:A in which P exists as its 'imino' tautomer (31) . Further studies such as NMR are clearly required to ascertain the significance of the current findings with respect to the nature of the X:A base pair in DNA duplexes in solution.
The unmodified cytosine residue, however, is expected to predominantly exist in the 'amino' form (32) . For A:X to form a wobble pair, the modified cytosine should be in the 'amino' form, and the opposing adenine base must be protonated at the N 1 position. Hydrogen bonds can be formed between N 1 -H of adenine and O 2 of X, and between N 6 -H of adenine and N 3 of X. Previous studies have suggested that similar base pairing occurs between adenine and cytosine in the structures of unmodified DNA duplexes (33, 34) . Moreover, thermodynamic studies have shown that the A:C mismatch pair is stabilized by protonation of the adenine base, and that the degree of stabilization is pH dependent (35) . The A + :C pair is most stable near pH 5.3. The present AX8 crystal was, however, obtained at pH 7.0. It might be expected that if AX8 were crystallized at more acidic conditions, A:X may form a wobble pair. We are currently engaged in such a study and will report our findings elsewhere.
As mentioned earlier, the incorporation of the X analogue in place of C in a standard Watson-Crick base pair with G leads to a 3-4 K increase in T m . A similar increase in T m is seen when the analogue replaces C in a C:A mismatch i.e. a 3-K increase in T m relative to the mismatch. In both situations stacking interactions are likely to be the main contributions toward stability. While tautomerization may not directly lead to stabilization, it is possible that X may adopt an 'imino' tautomer in the X:A pair such that the standard WatsonCrick base pair shape can occur which is the optimum arrangement for enhanced stacking.
Local structural effects of X substitutions
The geometric parameters (shear, stretch, stagger, buckle, propeller, opening) for selected base pairs in the X-modified and unmodified duplexes are summarized in Supplementary Table S1 . Detailed discussion is difficult at the present resolutions of X-ray analyses. Compared with the corresponding base pairs in the unmodified GC9-P3 2 12 and GC9-P2 1 2 1 2 1 duplexes, however, it seems that the geometric values fluctuate within their tolerant ranges, suggesting that there are no remarkable changes even after the X substitutions. Combinations of small changes in all local base pair parameters could allow the extra ring of the X residue to be accommodated in all of the duplexes.
Dye binding
The binding interactions of DAPI and Hoechst 33258 are shown in the Supplementary Figure S2a- (38) (39) (40) (41) ]. The piperazine moiety, however, has no direct interaction with the A5 base.
Terminal interactions for crystal packing
A remarkable difference between the orthorhombic and trigonal forms is that in the former all bases in one strand are paired with those on the opposite strand, while in the latter the two residues at both ends do not form base pairs and are flipped out of the duplex. In the orthorhombic form (P2 1 2 1 2 1 ), the G12 residue paired with C13 gets in contact with G2 # of another duplex related by a 2 1 screw symmetry along the c-axis, through the N 2 -H(G12) . . . N 3 (G2 # ) and N 3 (G12) . . . H-N 2 (G2 # ) hydrogen bonds to form a C:G:G:C quartet. This interaction, typically found in Dickerson-Drew type crystals, results in a high-dihedral angle between the two guanine bases (42) .
In the trigonal crystals, a double-stranded column, composed of 10 bp, is stacked on another column, related by a crystallographic 3 2 symmetry (Supplementary Figure S3a) . The G12 residue is folded back at the end of the strand so that its G base covers the ribose ring above the C2 0 atom and the N 1 atom reach the phosphate oxygen atom of the subsequent C11 residue to form a hydrogen bond (Supplementary Figure S4) . It is difficult for RNA to adapt this conformation due to the bulky hydroxyl group attached to the C2 0 atom. The base group of the unpaired G12 residue interacts with that of G2 # , which is base paired with C11 # , thus forming a G:G # :C # triplet (Supplementary Figure S3b ; the number signs indicate residues in the symmetry-related column). On the other hand, the unpaired C1 and C1 # residues are protruded into the solvent region at both ends of the duplex, and are slightly disordered. This conformational feature is similar to the unmodified GC9-P3 2 12 duplex (15) .
CONCLUSIONS
The present study identified two important features of X. First, the additional ring of X stabilizes duplex formation by stacking on or by covering the hydrophobic surface of the base adjacent to it. Useful clues for developing antigene and antisense nucleic acids, as well as other nucleic acid based technologies, have been found, e.g. incorporating an X residue on the 3 0 -side of a pyrimidine would result in stronger base stacking interactions. Second, X can form pairs with both G and A perhaps through tautomerization between the 'amino' and the 'imino' forms. The latter would be clarified by high-resolution X-ray analysis. However, the stacking effects for duplex stabilization are increased in both Watson-Crick and wobble types, as shown in Table 3 .
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